Introduction
Atomic nuclei are many-body quantum systems composed of two distinct types of fermions: protons and neutrons. Some special nuclei with certain configurations of protons and neutrons are found to be more bound and more stable than others [1] . These magic nuclei are cornerstones of the nuclear shell model which was introduced by Mayer and Jense more than 60 years ago [2] . Since then, how magic numbers evolve with extreme proton-to-neutron ratios toward the drip lines has become one of the research frontiers of nuclear physics. The nuclear mass reflects the total complex effect of strong, weak and electromagnetic interactions among nucleons [3, 4] , and thus is a useful tool for this research.
Recently, studies of exotic nuclei, especially neutronrich nuclei, far away from the β-stability line have resulted in some fruit. The 24 O nucleus has been verified to be doubly magic by three different experiments [5] [6] [7] , confirming the appearance of the new magic number N = 16. On the other hand, several mass measurements of neutron-rich Si, P, S and Cl isotopes [8] [9] [10] [11] indicate the reduction of the traditional N = 28 neutron shell gap. This appearance or collapse of the magic number is often believed to be caused by the change of the single-particle level order [12] .
In f p-shell nuclei, the magicity of N = 32 has been substantially found in several experiments with Ca [13] , Received 19 Ti [14] , and Cr [15] isotopes by investigating the systematic behavior of the E(2 + 1 ) energies with the neutron number in the even-even nuclei of the corresponding isotopic chain. The new magic number N = 32 in Ca isotopes is also confirmed by recent precision mass measurements of 51, 52 Ca at the TITAN Penning trap facility [16] and 53,54 Ca with the multi reflection time-of-flight mass spectrometer of ISOTRAP at CERN [17] .
In this paper, we report on the results from isochronous mass measurement of 86 Kr projectile fragments in the vicinity of N = 32 at the Institute of Modern Physics in Lanzhou, China. Most of our results are in good agreement with the literature ones reported in AME12 [18, 19] , except for four nuclides:
52−54 Sc and 56 Ti. Masses of all nuclides of interest are re-evaluated. With the new data, an N = 32 neutron shell gap energy in Sc isotopes is obtained, which is conspicuously stronger than the former one determined from previous data.
Experiment and Data Analysis
This experiment was performed at the HIRFL-CSR accelerator facility [21] . The primary beam of 86 Kr
28+
ions was accumulated in the main Cooler Storage Ring (CSRm) and then accelerated to an energy of 460.65 Mev/u. The 86 Kr 28+ ions were fast extracted and then focused on a ∼15 mm thick beryllium target which was placed at the entrance of the RIBLL2 (an in-flight fragment separator). The secondary ions were produced via projectile fragmentation of 86 Kr 28+ . Exotic fragments were separated by the RIBLL2 and then injected to the experimental Cooler Storage Ring (CSRe). Both RI-BLL2 and CSRe were set to a fixed magnetic rigidity of Bρ = 7.6755 Tm for optimum transmission of 61 Cr 24+ . Other fragments within a Bρ-acceptance of about ±0.2% of the RIBLL2-CSRe system were also transmitted and stored. As a result, about 5 ions were simultaneously stored in CSRe in each injection.
For various ions stored in the CSRe, their revolution times T are a function of their mass-to-charge ratios m/q and their velocities v in the first order approximation as follows [22] [23] [24] :
where γ t is the so-called transition point of the ring [24, 25] and γ is the the relativistic Lorentz factor. In the IMS experiment, the ring is tuned to a special ion-optical mode [26] allowing the faster ions of a certain ion species always to circulate in longer orbits while the slower ones are in correspondingly shorter orbits. The energy of the primary beam was chosen such that the isochronous condition γ ≈ γ t is fulfilled. Hence, the velocity spread of injected ions is compensated by their orbit lengths and thus the revolution times directly reflect m/q ratios of the stored ions [27] . At each revolution, the stored ions passed through a dedicated timing detector [28] equipped with a 19 µg/cm 2 thin carbon foil of 40 mm in diameter installed inside CSRe. When passing through, the ions lose energy so that secondary electrons are released from this foil. These electrons were collected by a set of micro-channel plates, thus forming a time stamp for each revolution. The revolution times of all stored ions used in further analysis were extracted from these time stamps. More details can be found in Refs [29, 30] .
This experiment lasted for about five days. The instabilities of the CSRe magnetic fields caused drifts of the entire revolution times and thus limited the achievable mass resolving power for all ions. We applied a new data analysis method, as described in Ref [31] , to minimize the effect of such instabilities. By accumulating the results of each injection and carefully correcting the effect of instability of the magnetic field, a common revolution time spectrum was obtained, from which nuclides were identified applying the method described in Refs [23, 29] . Fig. 1 To calibrate the mass values of stored ions from that spectrum, a third polynomial function was utilized to describe the relationship between m/q ratios and revolution times T . In this calibration, twelve nuclides with accurately known masses [19] were selected as reference to deduce the freely fitted parameters of Eq. (2), and thus masses of interested nuclides can be obtained by interpolating the fitting function to the corresponding revolution time
In order to evaluate the reliability of our results, we re-determined the masses of each of the twelve reference nuclides by calibrating the spectrum with the other eleven nuclides. The comparison between the redetermined mass values and those in the literature are presented in Fig. 2 . The normalized χ n value was defined as:
with n = 12 in our case. The obtained value of χ n = 1.45 is slightly out of the expected range of χ n = 1 ± 0.24 at the 1σ confidence level, which means that an additional systematic error σ sys = 35 keV must be required. Comparison of mass excess (ME) values re-determined in this work with those in AME12. Note that the error bars for each nuclide in this figure contain only the statistical error.
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Results and discussion
Our new mass excess (ME) values of nuclides of interest as well as corresponding ones reported in AME12 [19] are presented in Table 1 . Most of our results are in good agreement with those in the literature at the 1σ confidence level except for four nuclides 52−54 Sc and 56 Ti. Our ME values of these four nuclides are smaller by 1.8σ, 2.8σ, 1.6σ and 1.9σ than the corresponding ones in AME12. For nuclides with consistent mass values, our results are included in a new atomic mass evaluation. The re-evaluated mass values are the weighted averages of our ME values and corresponding values from the literature and are presented in Table 1 .
For the four nuclides with observed deviations, we investigated further and found that there were six corresponding direct mass measurements. ME values of the four nuclides from these experiments are presented in Table 2 .
For 53 Sc and 54 Sc, results from CSRe, GSI [32] and TOFI2 [34] are in excellent agreement with each other.
The results from TOFI1 [33] show that the two nuclides are more than 1 MeV unbound compared to the three former experiments. This is similar to the situation for 52 Ca, for which an increase of 1.74 MeV in binding energy was discovered by the precise Penning-trap measurement established at TITAN [16] . As a consequence, we think that the results from TOFI1 might need to be revised. The results from TOFI3 [35] , although with large uncertainties, also disagree for 53 Sc. However, AME12 only adopted the recent results of the two nuclides from MSU [20] . The MSU data show that the two nuclides are more unbound by about 0.8 MeV and 1.0 MeV compared to the three experiments which support each other. Moreover, for 53 Sc, the MSU data agree with the result from TOFI1 but not with TOFI3, while the conclusion for 54 Sc was the reverse. Hence, the choice for the two nuclides in AME12 seems to be questionable. In our re-evaluation, we employed results from CSRe, GSI and TOFI2 and the re-evaluated values are displayed in Table 2 .
For 52 Sc, the results from CSRe and three TOFI experiments agree well with each other. However, we still only adopt results from CSRe and TOFI2 to be consistent with the choice for 53 Sc and 54 Sc. For 56 Ti, the situation is more complicated, as even the results from CSRe, GSI and TOFI2 disagree slightly with each other. We have to ignore the dispute, and give a suggested mass excess value adopting the results from all three chosen experiments as mentioned above. More precise mass experiments for this nuclide are necessary to shed light on this conflict. Ti from present work, an isochronous mass measurement at GSI [32] , three independent mass measurements at TOFI [33] [34] [35] , and a TOF-Bρ measurement at MSU [20] . One can see AME12 [18] to have a quick review of these data. The mass excesses or binding energies reflect the total effect of interactions within nuclei and provide essential information about the ordering of single-particle energies in exotic regions of the nuclear chart. As can be seen in Fig. 3 , our results show the decrease in mass excess leads to a distinct variation of the two neutron separation energy S 2n in the vicinity of N = 32 and Z = 20. S 2n is defined as
where N and Z are neutron numbers and proton numbers, respectively. To better understand the behavior of the S 2n with increasing neutron number in this region, new 53,54 Ca data from ISOTRAP [17] are also included. The consequent behavior of S 2n with increasing neutron number in the Sc isotopic chain is dramatically flatter from N = 30 to N = 32. This is in line with the behavior in the K and Ca isotopic chains, as discussed in Refs [16, 17] and explained theoretically by the effect of three nucleon (3N) forces.
From N = 32 to N = 33, the drop of S 2n occurs in both Ca and Sc isotopic chains and is as steep as the drop from N = 28 to N = 29. The latter manifests the effect of the traditional neutron magic number 28. Hence, the former is substantial evidence of the persistence of N = 32 magicity in the Sc isotopes. Although this magicity has been well established by many experiments as introduced in the introduction, it is confirmed in an odd-Z isotopic chain for the first time. The strength of this sub-shell closure can be evaluated via the neutron shell gap energy, defined as the difference of two neutron separation energy ∆(N, Z) = S 2n (N, Z) − S 2n (N + 2, Z). Fig. 4 illustrates the systematic behavior of empirical neutron shell gap energy with neutron number in Ca, Sc, and Ti isotopic chain. The distinct peak of neutron shell gap energy at N = 28 demonstrates the traditional neutron magic number 28 again. One can see that the shell gap for 52 Ca is almost 4 MeV, which unambiguously establishes a prominent shell closure at N = 32 in Ca isotopes [17] . For 53 Sc, the shell gap value obtained from our data is more than 4
MeV and is about 2 MeV stronger than the former one obtained from AME12, although these two values both have large uncertainties.
Summary
The results of an isochronous mass measurement of 86 Kr projectile fragments are presented in this paper. Our results show that 53 Sc and 54 Sc are stonger bound by 0.8 MeV and 1.0 MeV than the literature values reported in AME12, respectively. However, our results agree perfectly with two other experiments, which are not adopted in AME12. It seems that the data selections in AME12 for these two nuclides are not very reasonable. Mass values of the nuclides of interest are re-evaluated including our new data. The large increase in binding energies of 53 Sc and 54 Sc suggests the persistence of the new neutron magic number N =32 in Sc isotopes, which has already been confirmed in the Ca isotopic chain by several experiments. The physics behind this phenomena is still under exploration.
